Optical vortex filtering for the detection of Electromagnetically Induced Transparency 
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We report the realization of an optical filter based on an optical vortex mask designed to exclu- 
sively detect a weak coherent laser field in the presence of much stronger spatially-overlapping field. 
We demonstrate the performance of such an optical vortex filter to eliminate the strong control 
field and detect only a weak optical field's transmission under the conditions of electromagneti- 
cally induced transparency. The attractive feature of such filter is its insensitivity to optical field 
frequencies and polarizations, which makes it applicable for a wide range of coherent processes. 
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The problem of detecting a weak optical signal in the 
presence of other strong laser fields is inherent to many 
optical experiments. In particular, this problem arises in 
experiments involving electromagnetically induced trans- 
parency (EIT) p], [2], in which optical properties of a 
weak probe field can be coherently controlled by means 
of a strong classical control field. The most common 
EIT configuration is a three-level A system, shown in 
Fig. dja), in which the control and probe fields connect 
two long-lived hyperfine or Zeeman sublevels of the elec- 
tronic ground state with a common excited level. In this 
case, the presence of the control field leads to a strong 
coupling between the probe field and a collective atomic 
spin excitation that results in strong suppression of res- 
onant absorption, and opens a narrow window of trans- 
parency, Teit = 7o + \^c\ 2 /(Vdj), where 70 is the in- 
verse lifetime of the Zeeman coherence, Qc is the Rabi 
frequency associated with the control field, and 7 is the 
optical polarization decay rate. Here, we define the opti- 
cal depth, 2d, such that the probe intensity without EIT 
is attenuated by e~ 2d . The accompanying steep normal 
dispersion allows for dramatic group velocity reduction 
Vg/L oc |^c| 2 /(^7) < c ("slow light"), where L is the 
length of the medium, and the reversible mapping of a 
probe pulse onto a long-lived atomic coherence ("stored 
light" ) [H, [3|, [g| . These phenomena present promising av- 
enues towards technologies like miniature atomic clocks 
and magnetometers 0, [H[ , all-optical delay lines jl, si ngle 
photon sources , efficient quantum memories 10 11 L 
etc. 

However, the exclusive detection of a weak probe field, 
especially at the few-photon level, in the presence of a 
strong control field becomes a challenging experimental 
task. Since the two optical fields have similar frequencies 
(differing by a few GHz for a A-system based of different 
hyperfine ground state sublevels to a sub-MHz difference 
for Zeeman sublevels of the same hyperfine manifold), 
traditional dichroic or interference filters are not effec- 
tive, and thus only narrow-band transmission elements 
(such as high-finesse Fabry-Perot etalons) [H, [HI, [l3| or 
high-quality polarizers (for orthogonal control and probe 
fields) must be placed before a probe detector to sup- 
press the control field. These filtering methods are of- 
ten very sensitive to frequencies and polarizations of the 



two optical fields, and impose restrictions on experimen- 
tal arrangements. Spatial filtering has been successfully 
implemented in most cold atom experiments; however, 
experimental realizations of EIT in a warm atom system 
require nearly collinear propagation of the signal and con- 
trol fields to avoid large two-photon Doppler broadening 
of the EIT resonance (k c — k p ) • 4toms- Thus, an ap- 
propriate spatial filter must efficiently discriminate two 
optical fields propagating at very small angle with respect 
to each other. 

In this paper, we present a proof-of-principle demon- 
stration of an optical vortex filter (OVF) that we used to 
detect a weak probe laser field in the presence of a strong 
coherent control field under conditions of EIT. This fil- 
tering method is largely insensitive to the polarizations 
and frequencies of two optical fields and thus lacks the 
complications associated with spectral and polarization 
filtering mentioned above. It can also be used in con- 
junction with other filtering methods, if a single filtering 
method is not sufficient. 

An optical vortex, also known as a phase singularity or 
screw dislocation [14j, is a zero of optical field intensity 
within an otherwise non-zero field. The cross-sectional 
field amplitude of a beam carrying an optical vortex can 
be described, in polar coordinates r and #, as: 
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where wo is the beam waist, and m is the topological 
charge of the vortex, which characterizes the number of 
2tt phase variations within the vortex. 

In principle, an optical vortex beam is created by 
transmitting a Gaussian laser beam through a trans- 
parent phase mask having azimuthally- varying thickness, 
d = do — mXoO/ (2ir) An, where do is the maximum thick- 
ness, Ao is the specified wavelength, and An is the re- 
fractive index difference between the mask and its sur- 
roundings. The beam acquires a spatial profile with an 
azimuthally harmonic phase <p = m0/(2ir). In the center 
of the mask, the phase is undefined, and the transmitted 
beam interferes destructively creating a region of zero in- 
tensity. However, due to the manufacturing difficulty of 
creating a smooth spiral phase of this type, a "spiral stair- 



2 



case" mask is typically manufactured. In our experiment, 
the phase plate had eight "steps" , such that its thickness 
as a function of the azimuthal angle 6 can be described 
as d = do — mXo |_8#/(27r)J An, where |_- • -J indicates us- 
age of the floor function. This phase mask produces the 
same destructive interference at its center — resulting in 
a region of zero intensity — but may produce unwanted 
diffraction, owing to the sharp discontinuities at the step 
boundaries. 

The basic idea of an OVF is the following: both over- 
lapping optical fields are focused on the vortex mask such 
that the unwanted control field is aligned with its center 
and is converted into an optical vortex beam. The probe 
field, which propagates at a small angle, does not impinge 
on the center of the mask, and thus is not affected by the 
mask. As a result, after the vortex mask, the probe beam 
propagates within the dark core of the control field beam, 
and the bright portion of the control field can be blocked 
with an appropriately-sized aperture, leaving only the 
probe discernible. Similar OVFs have been effectively 
used to distinguish a dim signal from a stronger back- 
ground in several applications, such as the detection of 
extra-solar planets [15l-[l7j and incoherent scattering [18j . 
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FIG. 1. (a) A three- level A- type system under conditions 
of EIT, where Qc is a strong control field, E p is a weak 
probe field, Ahfs is a hyperfine splitting between two ground 
state sublevels, and S is a two-photon Raman detuning, (b) 
Schematic of the experimental setup. See text for abbrevia- 
tions. 

In our experiment, we used a prototype OVF to de- 
tect the EIT resonance in a A system formed by control 
and probe optical fields tuned to the 5Si/ 2 F = 2 — >> 
hP 1/2 F' = 2 and 5S 1/2 F = 1 hP 1/2 F' = 2 transitions 



of the Di line of 87 Rb correspondingly. Both optical fields 
have the same circular polarization. The attractive fea- 
ture of such polarization arrangement is that it can be 
accurately approximated by a simplified three-level A- 
system [19j , but so far it has been limited to experiments 
with weak classical probe fields, since it does not allow 
polarization filtering. 

The experimental setup for evaluation of the OVF per- 
formance is shown in Fig. QJb). Both probe and con- 
trol fields were derived from the same external cavity 
diode laser (ECDL) to preserve their mutual phase co- 
herence. The two beams were separated on a polarizing 
beam splitter. The transmitted (more powerful) beam 
passed through an acousto-optical modulator (AOM), 



and the first diffraction order with its frequency shifted 
by —80 MHz was used as a control field in EIT exper- 
iment. The reflected beam was phase- modulated us- 
ing an electro-optical modulator (EOM) at frequency 
6.7547 GHz, which matches the hyperfine splitting of 
87 Rb ground state levels (6.8347 GHz) minus 80 MHz. 
The +1 modulation sideband was then filtered using a 
temperature tuned Fabry-Perot etalon (FPE) and served 
as a probe field. The other EOM modulation sideband 
and the main carrier were suppressed by a factor of ap- 
proximately 1 : 100; moreover, since the modulation fre- 
quency differed from the hyperfine splitting, they do not 
effect probe field propagation through nonlinear mixing. 
The control and probe beams were then recombined in 
a non-polarizing beam splitter cube (NPBS) at a small 
angle 0.92 mrad and converted into parallel circular po- 
larizations by a quarter- wave plate (A/4) placed before 
the cell. Both probe and control beams had similar di- 
vergence of approximately 0.38 mrad, so it was virtually 
impossible to separate them even after long propagation. 
The powers of the control and probe fields before en- 
tering the Rb cell were correspondingly 1.15 mW and 
40 /iW, and their respective diameters were 1.52 mm and 
0.47 mm. A cylindrical Pyrex cell (length L = 7.5 cm and 
diameter 2.5 cm) containing isotopically enriched 87 Rb 
and 5 Torr of Ne buffer gas was mounted inside three- 
layer magnetic shielding to reduce the influence of stray 
magnetic fields. The temperature of the cell was main- 
tained at 50.0°C, which corresponded to an optical depth 
of 2d = 49. Our procedure for calculating the optical 
depth is described in Ref. fl9| . 

The OVF after the cell consisted of a bichromatic lens 
LI (focal length fi = 35 mm), which focused both con- 
trol and probe beams onto a spiral mask. The vortex 
mask was nominally designed to produce a first-order 
(m = 1) optical vortex at 850 nm, but it worked well 
for 795 nm. The position of the mask was carefully ad- 
justed such that the control field was centered at the 
spiral and transformed into a vortex beam, as shown in 
Fig. [2fa,b). Since the probe field propagated at a small 
angle, it was focused away from the vortex, and there- 
fore its transverse intensity distribution was practically 
unchanged after the mask. A 150 jam pinhole, placed 
after the mask was used to block the bright annulus of 
the control field while passing most of the probe field. 
The second lens L2 (f 2 = 100 mm) collimated the beams. 
The transverse intensity distributions of both beams were 
recorded with a commercial CCD camera, and their total 
intensities were measured by a photodiode (PD). 

An ideal filter will completely extinguish the control 
field without affecting the probe field. In reality, however, 
there are several factors limiting the OVF performance. 
For example, the vortex mask does not have a continuous 
thickness, but rather consists of eight steps with sharp 
boundaries that contribute to diffraction; also, any small 
manufacturing imperfections in the vortex mask center 
break conditions for perfect destructive interference and 
thus increase the amount of light in the dark part of the 
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FIG. 2. Left column: Measured profiles of the control field 
before (a) and after (b) the phase mask. Middle column: 
Recorded (c) and calculated (d) diffraction pattern of the op- 
tical vortex (the control field after the phase mask) through 
the pinhole. Right column: Recorded (e) and calculated (f) 
diffraction pattern of the probe field after the phase mask 
through the pinhole. All images have been inverted in order 
to exhibit the higher order diffraction fringes. 
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FIG. 3. (a) Attenuation of the control and probe fields after 
OVF. (b) An EIT resonance in the probe field, detected after 
passing through the OVF (black) and without OVF (red) . For 
easy lineshape comparison, the background is subtracted, and 
the resonance amplitude is normalized to one in both cases. 



optical vortex beam. Also, good spatial intensity distri- 
butions for both control and probe beams is imperative, 
since it allows the smallest focal spot sizes at the vortex 
mask, and reduces diffraction losses at the pinhole. 

To characterize OVF performance, we measured the 
power of the control field with and without the vortex 
mask and pinhole. The filtering factor, defined as the 
normalized power reduction of the control field, as a func- 
tion of a distance between the filter mask and the pin- 
hole, is plotted in Fig. [3^a). As expected, the amount 
of the transmitted control light decreases when the pin- 
hole is placed farther from the mask. Since the focus of 
the laser beam is at the vortex mask position, the size of 
the beam and the central dark spot increases, and thus 
less light leaks into the central area where the pinhole is 
placed. At the same time, even though the spatial profile 
of the probe field is not affected by the vortex mask, it is 
still attenuated by the pinhole. By performing numeri- 
cal calculations of beams' propagation through OVF, we 
found that the size and the position of the pinhole plays 
a crucial role in both control and probe field attenuation. 
While the pinhole is necessary to obstruct the bright por- 



tion of the control field, diffraction of the vortex through 
the pinhole can cause the brighter outer ring to leak into 
the dark center and degrade the filtering quality. Fur- 
thermore, diffraction of the signal field leads to unwanted 
attenuation, as energy is lost to higher order modes and 
imperfect matching of the pinhole aperture size to the 
width of the probe beam. 

For our experiments, the observation plane (i.e., the 
position of PD or camera) was approximately z = 15 cm 
from the vortex. Thus, the diffraction criteria a 2 / (Xz) ~ 
0.10 <C 1, so we are in the Fraunhofer or far-field regime. 
The far-field diffraction pattern through a circular aper- 
ture of radius a can be computed as follows [20|, Hl| : 

U{p,4>)<x / E(r,0)e^ ikrp/zco < e -^rdrd0, (2) 
Jo Jo 

where p and ip are the corresponding radial and az- 
imuthal variables in the observation plane, placed at a 
distance z, and k = 2tt/X is the wavenumber of light 
incident on the aperture. Inserting the expression for 
E(r, 9) given by Eq.(pQ) with m = 1, we find 

U(p^) oc / [ ( — \ e-^ r/wo) \ i9 e^- ikrp/zco ^ e -^rdrd0. 
Jo Jo \™oJ 

The angular integral can be computed analytically [23^ . 
leaving the radial integral, 
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which can be evaluated via infinite series [2l| or numeri- 
cally. Here, J\ is the first order Bessel function of the 
first kind. Similar methods can be used to calculate 
the diffraction pattern formed by a Gaussian probe pulse 
through the aperture. Figs.|2jd,f) depict the results from 
numerically integrating the Fraunhofer diffraction inte- 
gral for both the control and probe fields. Clearly, they 
are in a good qualitative agreement with experimental 
observations shown in Figs. [2fc,e). We show the inverted 
images to make the weaker diffraction fringes more dis- 
cernible. Such calculations can be used to determine 
the optimal size of the pinhole that simultaneously yields 
maximum suppression of the control field and maximum 
transmission of the probe field. Additionally, the calcu- 
lations confirm that the probe inefficiency is due in large 
part to a non-optimal aperture size. 

Finally, Fig. [3f b) shows the measured probe EIT reso- 
nance recorded with and without OV filtering (black and 
red curves, respectively). Although OV filtering does re- 
duce the signal power due to a non-optimal pinhole size, 
the method clearly preserves the overall EIT lineshape. 
The small discrepancy between the EIT resonance width 
is caused by the clipping of the wings of the intensity 
distribution of the probe field. In this case, we effec- 
tively detect only the part of the beam with highest and 
most uniform control field intensity, which results in a 
more symmetric power-broadened resonance. Without 
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filtering, the regions with lower intensity (hence smaller 
power broadening) also contribute resulting in a overall 
slightly narrower resonance with sharper top [22j. 

In conclusion, we demonstrated the possibility of using 
an optical vortex filter to detect a weak coherent probe 
field in the presence of a much stronger control field under 
conditions of electromagnetically induced transparency. 
The best demonstrated control field suppression factor is 
better than 10 -4 . The main limitation of the proposed 
method — due to the diffraction though the pinhole — can 
potentially be improved by carefully selecting the pin- 
hole size. Filtering improvement can be made by using 



a phase mask with higher topological order [l5j |. The 
proposed method may be beneficial for a wide range of 
optical experiments due to its several advantages, such 
as weak sensitivity to the optical fields' polarization and 
frequency, as well as only a weak distortion of the probe 
field wavefront. 
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